INTRODUCTION
The members of the pox group are large viruses of a complex structure. The DNA content of vaccinia virus, a representative of this group, has been found to be 156 x lO 6 M.W. units (Allison & Burke, 1962) , an amount that is within the range of the DNA content of the free living pleuropneumonia organisms (Morowitz et al. 1962) . Based upon the probable average size of a bacteriophage gene of about lO 6 M.W. units (Watson, I965) , the vaccinia virus DNA by extrapolation should correspond to about 15o genes. A certain metabolic independence from the host cell with respect to biochemical machinery employed in vaccinia replication would therefore not be surprising and several enzymes likely to be coded for by the viral genome have been demonstrated in cells infected with pox viruses (Hanafusa, 1961 ; Green & Pifia, 1962; Magee, 1962; Kit, 1963) . Recently evidence has been presented that two enzymes, a DNA-dependent RNA polymerase and a nucleotide phosphohydrolase, may constitute an integral part of the virus particles themselves (Kates & McAuslan, I967; Munyon, Paoletti & Grace, I967; Munyon et al. I968) . These latter findings raise the question if there are additional enzymes associated directly with the structure of the virion. Search for such enzymes would, however, have little chance of success unless some lead was available as guidance with respect to which enzymes to test for. A possible approach to further information on this point would be a delineation of the nutritional requirements for the growth of the virus. The present paper is a report on the amino acid requirement for the propagation of vaccinia virus in Earle's L cells.
METHODS
The virus and the virus titrations. The WR strain of vaccinia used was obtained from the American Type Culture Collection. Virus stocks were prepared from the chorioallantoic membranes (CAM) of chick embryos infected 48 hr previously. A IO ~o suspension of CAM was prepared in O'O04M Mcllvaine buffer at pH 7.2 containing o.A. HOLTERMANN 0-2 °/o bovine serum albumin, and treated with supersonic vibration as described below. Cell debris was sedimented by centrifugation and the supernatant fluid, constituting the virus stock was stored at -6o °. Such stocks generally contained about lO s pk.f.u./ml. Virus titrations were carried out on the CAM of I2-day-old chick embryos by the method of Westwood, Phipps & Boulter (1957) . Six embryos were used per tenfold dilution. A statistical analysis of the reproducibility of the titrations revealed a relative error ranging from 13 to 25°/o corresponding to average pock counts of 5o and 5 respectively.
The cells. The clone 929 of Earle's L cells (Sanford, Earle & Likely, 1948-49 ) was used. It was maintained in a mixture of Eafle's balanced salt solution, o'o7 % yeast extract (Difco), o.2 % enzymic digest of lactalbumin (Nutritional Biochemicals Co.), IO % horse serum, penicillin ioo units/ml, and streptomycin 5o/~g./ml. The cells were constantly monitored for contamination with pleuropneumonia-like organisms.* Only cell stocks free of contamination were used.
The synthetic medium. The synthetic medium was essentially the same as that used by Bader & Morgan (I958, I961) in their studies on the nutritional requirements for the growth of a member of the psittacosis group of agents. It was originally derived from the synthetic medium 635 of Healy, Fischer & Parker (1954) . All amino acids were in the L-configuration.
The depletion technique.
A complicating factor in a study of the nutritional requirements for the growth of an intracellular organism was the presence of a pool in the host cells of the metabolites under investigation. To demonstrate the need for external supply of any such metabolite a preliminary exhaustion of the free metabolite pool of the host cells was necessary. This was achieved by maintaining the cells on Earle's balanced salt solution for a period. Preliminary experiments in order to determine the necessary length of this depletion period were carried out as follows:
Confluent monolayers of cells in T-I 5 flasks were rinsed once with Earle's balanced salt solution and carried further in this solution with fluid changes every 24 hr. At the time intervals o, 12, 24, 48 and 72 hr thereafter, replicate flasks were infected with a Io ~ dilution of stock virus in Earle's balanced salt solution. After I hr the inoculum was removed and the cells washed three times with Earle's balanced salt solution. Three flasks were now removed and the cells scraped from the glass surface with a rubber policeman. The contents of the three flasks were pooled and bovine serum albumin added to a final concentration of o-2 %. The suspension was then treated with supersonic vibration at o.8 mcyc. for Io min. at o-56 w/cm. * using a Siemens Sonostat Standard. Samples of the treated suspensions were stored at -6o ° for later titration. Samples of these suspensions were incubated in empty T-I5 flasks for the duration of the experiment to serve as heat inactivation controls. The remaining infected tissue cultures were maintained in Eafle's balanced salt solution and harvested in a similar fashion after incubation for 48 and 72 hr at 36 °. When depleted on Earle's balanced salt solution for 48 hr, a sharp reduction was found in the ability of the cells to support virus growth if maintained on Earle's balanced salt solution alone (Table I) . After 72 hr of depletion, virus growth was abolished. It will be shown in the experiments to be presented that virus growth could be supported by such starved cells if they were returned to complete synthetic medium.
• The author is indebted to Dr E. A. Freundt for help with the control of PPLO eontamination. 
O. A. HOLTERMANN

RESULTS
The purpose of the experiments presented below was to delineate the amino acids that have to be supplied in the nutrient medium in order to obtain growth of vaccinia virus in L cells.
Confluent monolayers of L cells in T-I5 flasks were depleted of their free pool of metabolites for 48 hr. At this time, designated time o, they were infected with a high dilution of stock virus as described. After virus adsorption and three rinses with Earle's balanced salt solution groups of cultures were given Earle's balanced salt solution, complete synthetic medium or complete synthetic medium lacking a single amino acid. At the time intervals 48 and 72 hr, cells and media of duplicate flasks were harvested, pooled, treated with supersonic vibration and stored for later titration. By systematically omitting one amino acid at a time from the complete synthetic medium, 2I media were made up and tested in a series of such experiments for their ability to promote the growth of vaccinia virus. The amino acids fell into two distinct groups of essential and non-essential (Table 2 ). The essential acids were: arginine, leucine, valine, threonine, isoleucine, histidine, lysine, cystine/cysteine, tryptophane, methionine, phenylalanine, tyrosine and glutamine. (The slight growth in the absence of glutamine was not reproducible.)
These amino acids are the same as those found by Eagle to be essential for the L cells themselves (Eagle, 1955 , Eagle et aL 1956 . The question therefore arose whether the failure of vaccinia virus to multiply in L cells when any of these amino acids were lacking in the medium was due to their being essential for virus replication per se, or merely a consequence of the absence of any of them causing some irreversible injury to the cells, rendering them no longer capable of supporting virus growth. These possibilities were tested by experiments involving these essential amino acids, but in which each experimental group also comprised cultures stimulated with complete synthetic medium on the third day after infection. These latter cultures were harvested 2 or 3 days later, i.e. 5 or 6 days after infection. Using media deficient in cysteine/cystine, methionine, phenylalanine or tyrosine, stimulation on day 3 with complete synthetic medium in all instances resulted in significant virus growth (Fig. I) , indicating that the cells had remained viable during the entire experimental period in terms of their ability to support virus growth. Comparable results were obtained in identical experiments with regard to the remainder of the essential amino acids.
DISCUSSION
The finding of an enzyme likely to be involved in pox virus synthesis as a constituent of the virus structure (Kates & McAuslan, 1967; Munyon et aL I967) sets these agents in a somewhat unusual position among viruses. Although other examples are known of viruses carrying enzymes as integral structural building blocks as, for instance, the receptor destroying enzyme of the influenza viruses (Hirst, I943) or the haemolysin of mumps virus (Morgan et aL I948) , these enzymes are probably not directly involved in replication. Earlier workers have reported activities of phosphatases, catalase and ribonuclease associated with vaccinia elementary bodies (McFarlane & Dolby, 194o; Hoagland et aL 1942) . Although some of these enzymes may have been surface contaminants (Joklik, I962) , new evidence has been provided for the presence in the virion of a unique nucleotide phosphohydrolase (Munyon et aL 1968) . When considering the size and complexity of structure of the pox viruses, the association of specific enzymic function with viral protein would not be surprising; it would be interesting to know whether enzymes other than the RNA polymerase and the nucleotide phosphohydrolase referred to above can be demonstrated. One approach to this question with respect to enzymes involved in amino acid synthesis would be a delineation of the amino acid requirement for support of viral growth. The difficulty inherent in this approach is that the amino acid requirement of the host cells would have to be taken into account. Previous findings that polio virus (Eagle & Habel, 1956; Zwartouw, Taylor-Robinson & Westwood, 196o; Mohajer & Gabliks, I966) , coxsackie B3 virus or vaccinia virus (Tyndall & Ludwig, 196o) could be propagated in host cells maintained on media deficient in one or several essential amino acids may simply have been due to inadequate depletion of the cellular amino-acid pool. On the other hand, the determination of the amino acid requirement for replication of a representative of another group of obligatory intracellular organisms, the psittacosis agents, under well-designed and controlled experimental conditions (Bader & Morgan, 1958) demonstrated that three amino acids essential for the host cells were not essential for the replication of these agents. This finding led to the subsequent demonstration of enzymes involved in the synthesis of one of these amino acids (lysine) in the particles of the meningopneumonitis agent, another member of the psittacosis group (Moulder, I964) .
In the present study the amino acids required for the repfication of vaccinia virus fell into two categories of essential and non-essential; the essential acids were the same as those found by Eagle (Eagle, I955; Eagle et al. 1956 ) to be essential for the propagation of the L cells themselves. Such a coincidence in amino acid requirements between virus and host cell could conceivably have been due to some injury suffered by the host cells during the experimental period because of lack of an essential metabolite. This possibility was, however, excluded by the demonstration for each essential amino acid of viability of the host cells throughout the experimental period by resumption of viral growth upon stimulation with a complete medium.
In contrast to the similar experiments with the psittacosis agents referred to above, our results give no clue to the presence in the structure of the vaccinia virus particle of any preformed enzyme or enzyme system involved in amino acid synthesis.
